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ABSTRACT 
 Prairie cordgrass (Spartina pectinata Link) is a polyploid, perennial, C4 grass that is 
native to North America. The species is able to produce large amounts of biomass, and it is 
tolerant to a number of environmental stresses. Due to these characteristics, it is useful for 
purposes such as bioenergy production, wetland restoration, soil erosion control, and forage. The 
species is composed of three ploidy levels: tetraploids (2n=4x=40), hexaploids (2n=6x=60), and 
octoploids (2n=8x=80). It is hypothesized that the hexaploid cytotype originated from the 
tetraploid cytotype, and therefore select populations of the two cytotypes are adapted to the same 
area of the United States. This has provided the opportunity to study the effects of polyploidy on 
prairie cordgrass characteristics. Comparison of morphological traits between the two cytotypes 
has shown that the hexaploid may be more desirable for commercial production than the 
tetraploid cytotype. However, prairie cordgrass has a low seed set, which is problematic for 
commercial establishment and genetic improvement of the species. Polyploidy is known to affect 
fertility in other species, and therefore it may be the cause of reduced fertility in prairie cordgrass 
as well. In this study, chromosome pairing during meiosis I of microsporogenesis was analyzed 
in tetraploid, hexaploid, and octoploid prairie cordgrass cytotypes. Normal chromosome pairing 
and segregation was observed in tetraploids and octoploids whereas abnormality was observed in 
hexaploids. Chromosome pairing during meiosis I implied genome compositions of tetraploids, 
hexaploids, and octoploids were AABB, AAABBB, and AABBA’A’B’B’, respectively. 
Abnormality during meiosis I in the hexaploids may lead to inconsistent chromosome numbers 
in pollen grains, whereas normal meiosis I in the tetraploids is hypothesized to generate pollen 
with consistent chromosome numbers. To investigate this potential effect, pollen morphology 
and DNA content of pollen nuclei were analyzed in tetraploids and hexaploids. Analysis of 
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pollen morphology showed that micropollen was not formed as a result of abnormal meiosis I, 
suggesting that abnormal meiosis I may not lead to vast differences in chromosome in pollen 
grains. Flow cytometric analysis of pollen nuclei DNA content revealed that the distribution of 
DNA content was significantly greater in hexaploids than in tetraploids, indicating that there may 
be a slight degree of heterogeneity in chromosome number between pollen nuclei. However, the 
degree of heterogeneity was lower than hypothesized. Seed set and seed germination was 
evaluated in hexaploids and tetraploids to study the effects of abnormal meiosis I and potential 
pollen heterogeneity. Seed set was slightly reduced in the hexaploids. A significant reduction in 
seed germination was observed in the hexaploids, though the magnitude of reduction was less 
than hypothesized. The results suggest that abnormal meiosis I in the hexaploid cytotype may not 
affect seed set to a great extent. Furthermore, improvement of seed set may be attained through 
selection, and the genome compositions of all prairie cordgrass cytotypes implied in this study 
may be useful to the selection process. 
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CHAPTER 1 
INTRODUCTION 
Polyploidy refers to the presence of more than two sets of chromosomes in a genome 
(Otto 2007), and it is important in crop species because it affects plant characteristics in a variety 
of ways. For instance, increases in ploidy level are associated with desirable modifications in 
agronomic traits such as increased fruit size, sterility, and elevated yield (Wu et al. 2012; 
Vuylsteke et al. 1993). Due to the agronomic advantages linked to higher ploidy levels, 
polyploidization can be used as a tool to develop improved crop varieties. However, a possible 
disadvantage to the condition of polyploidy is potential reductions in the fertility of polyploid 
plants (Comai 2005). Reduced fertility may be a result of irregular chromosome pairing and 
unequal chromosome segregation during meiosis due to increased numbers of homologous 
chromosomes (Comai 2005). These occurrences may affect the number of chromosomes present 
in gametes and seeds, and therefore may negatively impact seed production and seed viability 
(Comai 2005). The study of chromosome behavior during meiosis combined with measurement 
of reproductive traits in polyploid plants may be useful in assessing the effects of polyploidy on 
plant fertility.   
 Prairie cordgrass (Spartina pectinata Link) is a polyploid, perennial grass species that is 
native to North America. The species is able to produce biomass at a level comparable to 
switchgrass under abiotic stress conditions, and therefore it is potentially valuable as a dedicated 
bioenergy crop (Boe and Lee 2007; Boe et al. 2009; Boe et al. 2013; Kim et al. 2015). 
Furthermore it is able to withstand a variety of environmental stresses, demonstrating its 
suitability for purposes such as wetland restoration, soil erosion control, and forage (Boe et al. 
2009; Zilverberg et al. 2014). Prairie cordgrass exists as tetraploid (2n=4x=40), hexaploid 
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(2n=6x=60), and octoploid (2n=8x=80) cytotypes in the United States (Church 1940; Reeder 
1977; Kim et al. 2012a). All cytotypes demonstrate tolerances to environmental stress 
conditions. For example, prairie cordgrass plants are able to grow in soils with high salinity, they 
can withstand cold temperatures, and they have the ability to sustain growth in waterlogged soils 
(Mobberly 1956; Schwarz & Redmann 1988; Skinner et al. 2009; Kim et al. 2011; Anderson et 
al 2015). Tolerance to environmental stresses shown by prairie cordgrass plants may be linked to 
polyploidy.  
There is evidence that polyploidy affects a number of phenotypic traits in hexaploid 
prairie cordgrass (Kim et al. 2012b). Due to the effects of polyploidy, the hexaploid cytotype of 
prairie cordgrass may be especially desirable for the purposes of biomass production and 
conservation. The hexaploid cytotype is believed to have originated from the tetraploid cytotype 
through the union of a reduced tetraploid gamete and an unreduced tetraploid gamete (Kim et al. 
2012b). This hypothesis is supported by two pieces of evidence. First, a hexaploid seed was 
found among tetraploid seeds produced by a tetraploid plant (Kim et al. 2010). Additionally, 
hexaploids are only known to exist naturally in a single location in central Illinois, and hexaploid 
and tetraploid cytotypes grow in close proximity in this location (Kim et al. 2012a; Kim et al. 
2012b). The fact that tetraploid and hexaploid plants are adapted to the same environmental 
conditions provides the opportunity to study the effect of ploidy level upon a variety of prairie 
cordgrass characteristics. This was the subject of a previous study, which showed that some 
physical traits in the hexaploids are enhanced in comparison to tetraploids (Kim et al. 2012b). 
For example, hexaploid plants demonstrate increased aboveground biomass production, greater 
mass per tiller, and a higher leaf number per tiller in comparison to tetraploid plants (Kim et al. 
2012b). These characteristics show that the hexaploid cytotype may be better suited to 
	 3
commercial production than the tetraploid cytotype. Although there is evidence that polyploidy 
imparts beneficial morphological characteristics to the hexaploid, polyploidy may also affect 
plant fertility. 
 A crucial aspect of commercial production and artificial selection in prairie cordgrass is 
its ability to produce viable seeds. A single prairie cordgrass inflorescence is composed of 5 to 
50 pedunculate spikes, each of which may contain 10 to 80 spikelets with one floret in each 
spikelet (Mobberly 1956). The primary determinant of seed production in grass species is the 
number of spikelets that contain a full caryopsis, and this measurement is referred to as seed set 
(Boe et al. 2013). Grass species typically do not produce a large quantity of seeds (Cornelius 
1950; Wheeler & Hill 1957), and low seed production has been recorded in the octoploid 
cytotype of prairie cordgrass (Boe et al. 2013). In the context of commercial production, this is a 
disadvantage of prairie cordgrass in comparison to similar plants such as switchgrass, which 
demonstrates superior seed set (USDA-NRCS 2002; USDA-NRCS 2011).  
In order to develop prairie cordgrass cultivars that display improved seed production 
capacity, it is necessary to identify the cause of decreased seed set. Reduced seed set observed in 
prairie cordgrass may be a result of polyploidy, and the potential effect of polyploidy on seed set 
may be rooted in chromosome pairing and segregation during meiosis I. Chromosome pairing 
and segregation is known to affect seed production in polyploid plants, and therefore may be a 
factor in seed production of prairie cordgrass cytotypes (Comai 2005). The goal of this research 
is to study chromosome behavior during meiosis I in conjunction with pollen characteristics, 
seed production, and seed germination in prairie cordgrass cytotypes, in the effort to elucidate 
the possible effects of polyploidy on fertility. The study of prairie cordgrass chromosomes may 
also aid in the determination of chromosome homology, which may be useful for deducing 
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genome composition (Heyne 1987). Insight regarding genome composition may provide 
information about prairie cordgrass evolution, and may also be beneficial for artificial selection 
of desirable traits. The results of this study may ultimately be valuable to the development of 
prairie cordgrass varieties that have improved seed production capacity.  
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CHAPTER 2 
CHROMOSOME PAIRING IN A NEOHEXAPLOID OF PRAIRIE CORDGRASS 
(SPARTINA PECTINATA LINK) AND ITS IMPLICATIONS ON GENOME 
COMPOSITION 
2.1 Abstract 
The existence of a neopolyploid in prairie cordgrass has been documented. The 
neohexaploid was discovered coexisting with tetraploids in central Illinois, and has been reported 
to exhibit competitiveness in the natural environment. Due to its genetic background, ecological 
characteristics, phenotype, and importance as a new source of genetic material, an investigation 
of its fertility is necessary. In this study, prairie cordgrass anthers were observed during meiosis I 
of microsporogenesis to quantify meiotic normality. Plants from tetraploid (2n=4x=40), 
hexaploid (2n=6x=60), and octoploid (2n=8x=80) accessions were examined and the percentage 
of meiotic abnormality for each cytotype was averaged across all plants. An elevated incidence 
of abnormal chromosome pairing in the neohexaploid suggests that it should have lower fertility 
than that of the tetraploid and octoploid cytotypes. Chromosome pairing patterns in tetraploid, 
hexaploid, and octoploid cytotypes indicate genome compositions of AABB, AAABBB, and 
AABBA’A’B’B’, respectively. These results provide a cytogenetic background in terms of 
prairie cordgrass fertility and genome composition, which may be instrumental in developing 
breeding programs that aim to improve key phenotypic traits and fertility. 
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2.2 Introduction 
The Spartina genus is comprised exclusively of species that are polyploid, and all 
members of the species have a basic genome number of 10 (Marchant 1968b). A mixture of the 
polyploid condition and environmental factors has led to unique combinations of genes and the 
creation of new species. For example, the European S. maritima (2n=60) and the American S. 
alterniflora (2n=62) (Marchant 1968a) hybridized to form S. × townsendii, which is sterile 
(Bromfield 1836). The genome of S. × townsendii doubled spontaneously to form the 
allopolyploid S. anglica (2n=100, 122, 124) (Marchant 1968a). S. anglica displays high fertility 
and robust vegetative growth, causing it to become an invasive species in Europe, Asia, 
Australia, and North America following its introduction (Ranwell 1967). This scenario presented 
an opportunity to study recent allopolyploid evolution, and demonstrated genetic plasticity in the 
Spartina genus. 
A similar opportunity to study the genetic evolution of Spartina has arisen through the 
neopolyploidization of prairie cordgrass (Spartina pectinata Link). Prairie cordgrass is a 
rhizomatous, perennial C4 grass native to North America. Its distribution extends from southern 
Texas to northern coastal regions of Canada and it predominantly inhabits marginal land that is 
often oversaturated with water and unsuitable for the cultivation of food and forage crops 
(Hitchcock 1950; Mobberly 1956; Stubbendieck et al. 1982; USDA-NRCS 2002; Barkworth et 
al. 2007). Prairie cordgrass exists as tetraploid (2n=4x=40), hexaploid (2n=6x=60), and octoploid 
(2n=8x=80) cytotypes, and the tetraploids and octoploids are naturally well established in the 
United States (Church 1940; Kim et al. 2012a; Reeder 1977). Populations of those two ploidy 
levels co-exist in Iowa, Kansas, and Oklahoma, but otherwise they are geographically separated, 
with the majority of octoploid plants occupying the West North Central region and tetraploid 
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plants occupying the central U.S. regions and extending to the New England and Middle Atlantic 
regions (Kim et al. 2012a). The hexaploid cytotype currently exists in a single location in central 
Illinois in close proximity to tetraploid cytotypes, and because the polyploidization event 
generating the hexaploid cytotype occurred recently, they are considered neohexaploids (Kim et 
al. 2012a). 
Prairie cordgrass cytotypes are able to survive in a diverse set of environmental 
conditions due to their adaptive capacity and stress tolerances. For instance, prairie cordgrass can 
excrete excess salt through specialized salt glands, allowing it to survive in soils with high 
salinity (Kim et al. 2011; Anderson et al. 2015). It is also able to survive cold temperatures 
(Mobberly 1956; Schwarz & Redmann 1988) and waterlogged conditions (Skinner et al. 2009). 
Finally, it produces dense rhizomes that initiate and sustain vigorous vegetative growth. For 
these reasons, prairie cordgrass is particularly useful to alleviate soil erosion, perpetuate land 
reclamation efforts, and produce biomass. 
Polyploidy in prairie cordgrass may potentially play a role in the plant’s various 
adaptations and stress tolerances, as there is evidence that polyploidy affects phenotype. Kim et 
al. (2012b) reports increased numbers of chromosomes in hexaploid prairie cordgrass 
corresponding to larger stomata size, larger spikelets, increased tiller mass, delayed flowering 
time, and taller plants in comparison to tetraploid prairie cordgrass. Taller plants produce a 
greater amount of biomass, and therefore the hexaploid is more desirable than the tetraploid as a 
biomass crop. Prairie cordgrass is an important crop for biomass production and conservation 
purposes, and shows promise due to its performance in different environments. First, prairie 
cordgrass is better able to sustain growth in water-saturated soils in comparison with similar 
grasses (Skinner et al. 2009). It also exhibits a greater survival rate when grown in soils with 
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high salinity (Montmayor et al. 2008). Kim et al. (2011) reported higher seed germination 
percentages and more consistent sustained growth in prairie cordgrass compared to switchgrass 
under high soil salinity. Furthermore, biomass accumulation of prairie cordgrass cultivars is 
comparable to, and in some cases has exceeded biomass production of popular switchgrass 
cultivars under abiotic stress conditions (Boe and Lee 2007; Boe et al. 2009; Kim et al. 2015). 
For these reasons, prairie cordgrass is valuable for its ability to produce biomass under a wide 
range of environmental conditions.   
 The existence of hexaploid prairie cordgrass is important due to its potential for biomass 
production and soil and water conservation. Further analysis of the prairie cordgrass genome is 
crucial to accurately assess the neohexaploid as a genetic resource and to understand the recent 
evolution of the species, both of which are useful in the ultimate effort to develop improved 
prairie cordgrass varieties. In order to develop improved prairie cordgrass varieties for 
commercial production, first it is necessary to determine the genome composition of tetraploid, 
hexaploid, and octoploid cytotypes. Examination of chromosome pairing patterns is highly 
useful for determining genome composition as it provides accurate data regarding chromosome 
homology (Heyne 1987). Chromosome pairing data has been used to accurately determine 
genome allocation of homologous relationships between chromosomes within the Triticum genus 
(Heyne 1987). Therefore, analysis of chromosome pairing and segregation during meiosis I in 
prairie cordgrass is a logical first step to understanding the genome composition of all three 
cytotypes. Furthermore, documentation of chromosome pairing can potentially aid in assessing 
the fertility of all three cytotypes. In this study, a cytogenetic approach to examine meiotic 
division during microsporogenesis was implemented. 
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2.3 Materials and Methods 
Prairie cordgrass plants were discovered inhabiting a drainage ditch of farmland in 
Champaign County, IL. In this location, three areas were identified in which hexaploid and 
tetraploid plants grew in close proximity. Each of the hexaploid and tetraploid plants were 
sampled and transplanted to a field plot in 2012, arranged in a completely randomized design 
with three replications of each accession. An additional hexaploid accession (99C) derived from 
a tetraploid accession (99A) was included in the field plot. The tetraploid accessions include 
1034x, 1094x, 99A, and MBB4x and the hexaploid accessions include 1036x, 99C, MID6x, and 
MBB6x. Unrelated tetraploids (19-103 and 40-101) and octoploids (19-108 and PCG109) were 
also used in this study, and were established in separate field plots. Prairie cordgrass spikelets 
were collected from each accession during five different stages of development. The early stage 
was characterized by a fully collared, upright flag leaf and a swollen flag leaf sheath. Boot stage 
was defined by emergence of the first spikelet. The heading stage was marked by visibility of the 
inflorescence peduncle, and stigma and anther stages were characterized by emergence of 
stigmas and anthers, respectively. During each stage, one inflorescence per plant was collected 
from at least three plants per accession and fixed in a Carnoy solution of ethanol, chloroform, 
and acetic acid in a ratio of 6:3:1 and stored at 4°C. After 24 hours the spikelets were removed 
from the Carnoy solution and stored in 70% ethanol at 4°C. Anthers were screened for meiosis I 
using 1% propionic carmine stain, and slides were viewed at a total magnification of 400X using 
phase contrast microscopy. Florets containing anthers undergoing meiotic diakinesis and 
metaphase I were immersed in alcoholic hydrochloric acid-carmine stain (Snow 1963) for a 
minimum of 7 days.  
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 Once a floret was removed from the Snow stain, it was rinsed briefly in 70% ethanol, and 
each of the 3 anthers was applied to a separate slide. One drop of 45% acetic acid was applied to 
each anther, which was then chopped finely with a razor blade. A cover slip was placed over the 
solution and gently pressed to remove air pockets from the solution. The slide was heated 
slightly over an open flame. Filter paper was immediately placed over the slide and forceful, 
even pressure was applied to the cover slip to compress the anther cells. A small amount of 45% 
acetic acid was applied to the edges of the cover slip to replace solution absorbed by the filter 
paper during compression. Each slide was viewed at a total magnification of 1000X using a 
100X phase contrast objective lens. All samples were observed using an Olympus BX61 
microscope and images were captured using an Olympus U-CMAD3 camera. Between one and 
three florets were observed for each plant, and at least one plant was observed for each 
accession. 
 Chromosome pairing could only be considered as normal if all chromosomes in a cell 
were clearly visible and paired as bivalents. The presence of multivalent chromosomes was the 
primary criterion for identifying abnormal chromosome pairing. Other factors such as 
chromosome failure to align on the central plane during metaphase I or failure to migrate to the 
cell poles during anaphase I and telophase I also indicated abnormal pairing. After scoring 
meiotic cells as normal or abnormal, meiotic index (MI, %) was calculated following Love 
(1951): 
Meiotic Index (MI) % = (Number of normal cells × 100) ÷ (Total number of cells scored) 
Statistical analysis: Mean of the MI for the accessions was analyzed using PROC GLIMMIX in 
SAS 9.4 (SAS Institute Inc., Cary, NC) and mean comparisons were obtained with the PDIFF 
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option of the LSMEANS statement setting the probability of Type I error or alpha level (α) at 
0.05. 
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2.4 Results and Discussion 
Tetraploid and octoploid cytotypes showed normal chromosome pairing during diakinesis 
and metaphase I. Marchant (1968b) first documented chromosome pairing in the tetraploid 
cytotype, showing normal bivalent chromosome pairing. Figures 2.1A and 2.1B confirm the 
results of Marchant (1968b); they represent typical tetraploid microspores in the meiotic stages 
during which normality of chromosome pairing was evaluated. All chromosomes are clearly 
visible and joined as bivalents. The current study expands upon the research presented in 
Marchant (1968b), as chromosome segregation and cell division during later stages of meiosis I 
was evaluated in addition to chromosome pairing. Figures 2.1C and 2.1D show equal segregation 
of chromosomes during anaphase I and the generation of two identical nuclei during telophase I. 
A previous study has also documented chromosome pairing in the octoploid cytotype. The 
previous study, Reeder (1977), showed that chromosomes pair normally in bivalents in the 
octoploid. Figures 2.2A and 2.2B show octoploid microspores with normal bivalent pairing, 
confirming the results of Reeder (1977). Again, the present study additionally evaluated 
chromosome segregation during later stages of meiosis I. Figures 2.2C and 2.2D show octoploid 
microspores with equal chromosome segregation during anaphase I and identical nuclei in 
telophase I.  
Fortune et al. (2007) used the Waxy locus to compile phylogenetic data to hypothesize 
that the tetraploid cytotype of prairie cordgrass is an allopolyploid with a genome composition of 
AABB. This means that homologous chromosomes should pair in bivalents. The normal bivalent 
pairing shown in Figures 2.1A and 2.1B supports this hypothesis, and it also implies that 
chromosome pairing occurs simply based on chromosome homology with A chromosomes 
pairing together and B chromosomes pairing together exclusively. Since the tetraploid likely 
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gave rise to the octoploid cytotype, the genome composition of the octoploid would be 
AAAABBBB. This means that there are four homologous chromosomes, and therefore 
chromosomes can be present as univalents, bivalents, trivalents, or quadrivalents. Only bivalent 
pairing was documented in this study, and therefore the chromosome pairing data does not fit 
with the hypothesis that the octoploid has a genome composition of AAAABBBB with 
chromosome pairing based on homology. Considering that normal bivalent pairings of 
chromosomes are observed in the tetraploid, there could be a genetic mechanism present that 
causes homologous chromosomes to pair in a bivalent fashion; without such a mechanism, 
homologous chromosomes could be present as univalents, bivalents, trivalents, or quadrivalents. 
Such a genetic mechanism could be involved with a number of different processes affecting 
chromosome pairing.  Analysis of the hexaploid cytotype can provide information about the 
genome composition of all three cytotypes. 
The hexaploid cytotype in this study demonstrated a complete departure from normal 
chromosome pairing with a 99.79% abnormality rate (Table 2.1). None of the observed 
microspore cells fit the criteria for the characterization of normal meiosis, and the meiotic index 
shows that hexaploid accessions have significantly lower meiotic normality than tetraploid and 
octoploid accessions (Table 2.2). The majority of microspores showed multivalent chromosome 
pairing to varying degrees as depicted in Figure 2.2, though the formation of trivalent 
chromosomes was observed most often. Occasionally, groupings of four or more chromosomes 
were documented, as shown in Figure 2.2 B, C, and D. Additionally, there was a high occurrence 
of univalent chromosomes, which often failed to align in the center of the cell during metaphase 
I (Figure 2.2 A-D) and subsequently may not migrate to the cell poles during anaphase I (Figure 
2.3 A). The fate of the univalent chromosomes during later stages of meiosis is unknown, but in 
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any case unequal chromosome segregation between daughter cells is likely to occur. Finally, a 
third type of meiotic abnormality was observed in the hexaploids; failure of chromosome pairs to 
migrate to cell poles during anaphase I and telophase I (Figure 2.4). This phenomenon does not 
involve multivalent chromosomes, but may still result in daughter cells with abnormal 
chromosome numbers due to either unequal segregation or complete loss of the lagging 
chromosomes during cytokinesis.  
The hexaploid cytotype of prairie cordgrass is hypothesized to have originated from the 
tetraploid cytotype through the union of an unreduced gamete with a reduced gamete (Kim et al. 
2012b). This hypothesis is supported by the fact that hexaploids are found in a mixed population 
with tetraploids in a natural environment, and there was a single hexaploid seed found among 
tetraploid seeds from a tetraploid plant. An allopolyploid genome composition of AABB in the 
tetraploid, as suggested, would lead to an allopolyploid genome composition of AAABBB in the 
hexaploid. This means that it would have three homologous chromosomes, so chromosomes can 
be present as univalents, bivalents, or trivalents, though trivalent groupings would be expected to 
occur most often. It is evident in this study that trivalent associations do occur most frequently, 
supporting the hypothesis that the hexaploid is AAABBB with chromosome pairing based on 
homology. The data presented thus far supports the hypothesis that the tetraploid is AABB and 
the hexaploid is AAABBB due to bivalent pairing and predominantly trivalent pairing, 
respectively. However, the results do not support the hypothesis that the octoploid is 
AAAABBBB due to its exclusively bivalent pairing. 
A potential hypothesis that all cytotypes are autopolyploid with a genetic mechanism 
controlling bivalent pairing is likely untrue. This is because of predominantly trivalent 
chromosome associations shown in the hexaploid. The allopolyploid hypothesis explains 
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chromosome pairing in the tetraploid and hexaploid, but not in the octoploid. However, this 
hypothesis can explain chromosome pairing in the octoploid through an alternative mode of 
octoploid origin. It is likely that the octoploid cytotype originated from the tetraploid cytotype, 
but there is more than one way that the event could have occurred. It is possible that the 
octoploid arose via the hybridization of two divergent tetraploid plants, one with a genome 
composition of AABB, and the other with a genome composition of A’A’B’B’. A chromosome-
doubling event may have occurred following the hybridization event. This would create an 
octoploid with a genome composition of AABBA’A’B’B’, and therefore bivalent chromosome 
pairing would occur simply based on homology rather than a genetic mechanism as previously 
suggested. Therefore, the genome composition of AABBA’A’B’B’ in the octoploid fits with the 
bivalent chromosome pairing shown in this study. This final postulation regarding the octoploid 
origin completes the hypothesis of allopolyploidy in all three cytotypes. Therefore, based upon 
chromosome pairing data and previous phylogenetic data, there is evidence that the tetraploid is 
AABB, the hexaploid is AAABBB, and the octoploid is AABBA’A’B’B’.  
 With the completed hypothesis regarding genome composition it is necessary to address 
the implications of inconsistent chromosome pairing and segregation in the hexaploid cytotype. 
The presence of univalent and multivalent chromosome formations indicates a high incidence of 
unequal chromosome segregation among daughter cells, as these chromosomes do not always 
segregate equally during later stages of meiosis (Sybenga 1975). Additionally, the presence of 
lagging chromosomes indicates a potential defect in spindle fiber function, adversely affecting 
equal chromosome segregation (Walters 1958). These observations indicate that aneuploid 
pollen cells are being produced, generating aneuploid seed as well. Therefore, it is necessary to 
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examine chromosome numbers in pollen grains and progeny to ultimately determine the effects 
of abnormal meiosis in the hexaploid cytotype.  
It can be concluded that the hexaploid cytotype in this study has a high frequency of 
unequal chromosome segregation, which is hypothesized to affect the number of chromosomes 
in pollen grains, and ultimately affect seed set and viability. Hexaploid accessions have 
significantly lower meiotic index than tetraploid and octoploids, indicating that hexaploids may 
have reduced fertility (Table 2.2). The tetraploid accession 99A also has a significantly lower 
meiotic index than the other tetraploid and octoploid accessions (Table 2.2). This accession is 
known to have produced a hexaploid seed, and therefore it may be prone to meiotic 
abnormalities, which may result in reduced fertility as well. Analysis of meiotic behavior, pollen 
viability, seed production, and seed viability of future generations of the hexaploid cytotype 
would be useful in terms of ascertaining the consequences of abnormal meiosis, and also 
documenting the progression of reproductive success. Furthermore, molecular genetics studies of 
all prairie cordgrass cytotypes should be conducted to verify the hypothetical genome 
compositions posited in this study. Determining the genome compositions and evaluating fertility 
of prairie cordgrass would provide valuable information in terms of improving prairie cordgrass 
as a conservation and biomass production crop. Currently it appears as though the hexaploid 
cytotype, unlike the tetraploid and octoploid cytotypes, is not suitable as a source of genetic 
variability for a breeding program due to abnormal meiosis and probable reduction in fertility as 
a result. 
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2.5 Tables and Figures 
   
 
	  
Figure 2.1: Normal tetraploid cells during (A) diakinesis, (B) metaphase I, (C) anaphase 1, and 
(D) telophase I showing bivalent pairing and equal segregation. (*) identifies chromosomes that 
have begun to segregate. Bar indicates 10µm. 
 
 
 
 
A. B. 
C. D. 
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Figure 2.2: Normal octoploid cells during (A) diakinesis, (B) metaphase I, (C) anaphase 1, and 
(D) telophase I showing bivalent pairing and equal segregation. Bar indicates 10µm. 
 
 
 
 
 
 
 
 
A. B. 
C. D. 
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Figure 2.3: Abnormal hexaploid cells in metaphase I with (A) univalent and trivalent 
chromosome pairing, and (B-D) univalent, trivalent, and higher order multivalent chromosome 
pairing. U indicates univalent chromosomes, T indicates trivalent chromosomes, M indicates 
multivalent chromosomes greater than trivalents. Bar indicates 10µm. 
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Figure 2.4: Abnormal hexaploid cells in anaphase I with lagging chromosomes, shown with 
arrow. Bar indicates 10µm. 
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Table 2.1: Percent abnormality of accessions and ploidy levels. 
Accession Ploidy # of Plants # of Cells % Abnormality 
Average % 
Abnormality 
1034x 4x 2 819 0.8 
2.92 
1094x 4x 1 951 0.4 
19-103 4x 2 1400 0.1 
40-101 4x 1 844 0.0 
99A 4x 2 465 15.2 
MBB4x 4x 2 1281 0.9 
1036x 6x 1 559 100.0 
99.79 MID6x 6x 2 595 100.0 
99C 6x 1 850 99.2 
MBB6x 6x 1 636 100.0 
19-108 8x 2 1374 0.9 0.46 
PCG109 8x 2 975 0 
 
Table 2.2: Meiotic Index of accessions 
Accession Ploidy Meiotic Index 
PCG109 8x 100.0A 
19-103 4x 99.9A 
1094x 4x 99.6A 
19-108 8x 99.1A 
1034x 4x 99.0A 
MBB4x 4x 99.0A 
99A 4x 85.1B 
99C 6x 0.6C 
MBB6x 6x 0.0C 
1036x 6x 0.0C 
MID6x 6x 0.0C 
1Significant differences between accessions (P<0.05) were tested. Different letters indicate 
significant differences.  
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CHAPTER 3 
POLLEN DNA CONTENT, SEED SET, AND SEED GERMINATION OF HEXAPLOID 
PRAIRIE CORDGRASS (SPARTINA PECTINATA LINK) 
3.1 Abstract 
Prairie cordgrass is a native, perennial grass that demonstrates favorable traits for 
conservation, land reclamation, and biomass production purposes. Polyploidy in prairie 
cordgrass has been shown to affect plant phenotype. Due to effects of polyploidy on phenotype, 
the hexaploid cytotype of prairie cordgrass compared to the tetraploid may be preferable for 
conservation, land reclamation, and biomass production. However, polyploidy may also affect 
plant fertility. Prairie cordgrass is shown to have low seed set, which is problematic from a 
commercial standpoint because production and viability of seeds is crucial to its commercial use. 
The issue of low seed set could be exacerbated in the hexaploid cytotype by the potential effect 
that polyploidy may have on fertility. In a preliminary investigation of this potential effect, a 
previous study showed that tetraploid and octoploid cytotypes of prairie cordgrass demonstrate 
normality in chromosome pairing and segregation during meiosis I of microsporogenesis, while 
the hexaploid cytotype demonstrates abnormality during meiosis I. This abnormality could result 
in the formation of micropollen and heterogeneity in pollen DNA content, which may reduce 
pollen viability and therefore diminish seed set and seed germination capacity. The current study 
analyzed the effect of abnormal meiosis I on pollen morphology, pollen DNA content, seed set, 
and seed germination. Analysis of pollen morphology indicated that the presence of abnormal 
meiosis in the hexaploid did not result in micropollen. This implies that abnormal meiosis I does 
not correspond to extreme differences in chromosome number in pollen grains. In support of this 
implication, flow cytometric analysis showed that there was a low degree of heterogeneity in 
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pollen DNA content, indicating that there is only slight variation in chromosome number in 
pollen. Measurement of seed set showed comparable values between hexaploids and tetraploids, 
while a significant reduction in seed germination was observed in hexaploids. Therefore, 
abnormality during meiosis I of microsporogenesis does not greatly affect pollen morphology, 
pollen DNA content, seed set, but may affect seed germination. This suggests that seed 
production in the hexaploid cytotype may not be as affected by abnormal meiosis I as originally 
hypothesized. Therefore the hexaploid may be suitable for commercial production in the near 
future if seed and pollen fertility improve over time, as has been demonstrated previously. In 
addition, the results suggest that genetic means for increasing seed set in prairie cordgrass may 
exist.  
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3.2 Introduction 
Prairie cordgrass (Spartina pectinata Link) is a perennial, C4 grass native to North 
America. It is a polyploid species that has a basic genome number of 10 chromosomes, and is 
known to exist as tetraploid (2n=4x=40), hexaploid (2n=6x=60), and octoploid (2n=8x=80) 
cytotypes in the United States (Church 1940; Marchant 1968b; Reeder 1977; Kim et al. 2012a). 
Polyploidy is important in plant species, as the number of chromosomes is known to affect plant 
phenotype (Stebbins 1971; Lewis 1980; Grant 1981; Levin 1983; Ramsey & Schemske 1998; 
Chen 2007; Kim et al. 2012b). These effects have been recorded in prairie cordgrass. For 
instance, hexaploid plants have larger spikelets and larger stomata, exhibit delayed flowering 
time, and grow taller in comparison to tetraploid plants of similar genetic background (Kim et al. 
2012b). The differences in anatomy and physiology may also enable plants of varying ploidy 
level to be able to adapt to diverse sets of environmental conditions. A distinct example of this 
phenomenon is the fact that populations consisting of octoploid cytotypes are geographically 
separated from populations consisting of tetraploid cytotypes (Kim et al. 2012a). This separation 
suggests that differences due to ploidy level could be a factor in allowing octoploid plants to 
adapt to the West North Central region, whereas tetraploid plants have adapted to the central 
U.S. regions and extend to the New England and Middle Atlantic regions (Kim et al. 2012a). The 
ability of prairie cordgrass to adapt to a variety of environmental conditions and its impressive 
biomass production capacity have generated research interest into the plant for purposes such as 
conservation, land reclamation, and biomass production for the bioenergy industry (Boe and Lee 
2007; Boe et al. 2009; Kim et al. 2015; Guo et al. 2015).  
 All prairie cordgrass cytotypes may have potential for such purposes, but not all 
cytotypes can be grown in the same location due to differential adaptation. As previously stated, 
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the octoploid is adapted to a different habitat than the tetraploid and hexaploid cytotypes. For 
that reason, the octoploid may only be commercially produced in regions where it is adapted, and 
may not reach its full growing potential in areas outside of that range of adaptation, namely parts 
of the East and West North Central regions. The tetraploid and hexaploid cytotypes, however, 
are adapted to those areas and therefore can be commercially produced there. The hexaploid 
cytotype is particularly important due to its origin and unique characteristics. The only known 
natural population of hexaploids is a mixed population in which the hexaploids coexist with 
tetraploids, and the current hypothesis is that the hexaploid cytotype actually arose from the 
tetraploid cytotype (Kim et al. 2012a, Kim et al. 2012b). This hypothesis is supported by the fact 
that a single hexaploid seed was found among tetraploid seeds produced by a single tetraploid 
plant (Kim et al. 2010). Due to this phenomenon, hexaploid and tetraploid cytotypes of similar 
genetic background are adapted to the same environment. The common range of adaptation 
shared by the tetraploid and hexaploid cytotypes provides a convenient model to compare the 
physical effects of ploidy level alone between tetraploid and hexaploid plants. In a comparative 
study between tetraploids and hexaploids, the hexaploids demonstrated greater aboveground 
biomass production, mass per tiller, and number of leaves per tiller (Kim et al. 2012b). For these 
reasons, the hexaploid may be more desirable than the tetraploid for commercial production as a 
biomass and conservation crop.  
 In addition to impacting phenotype, polyploidy has been shown to affect meiosis I in 
prairie cordgrass. In Chapter 2, chromosome pairing and segregation in microspores during 
meiosis I was examined in tetraploids, hexaploids, and octoploids of prairie cordgrass. This was 
the first step in determining the effect of polyploidy on fertility, as chromosome pairing and 
segregation in microspores affects the number of chromosomes allocated to pollen grains, which 
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in turn determines the number of chromosomes present in seeds. The number of chromosomes in 
seeds can affect seed viability (Palmer 1974). The results demonstrated that normal chromosome 
pairing and segregation occurs in tetraploids, whereas abnormality was observed in hexaploids. 
This abnormality may result in pollen grains with greater or fewer than 30 chromosomes, a 
condition referred to as aneuploidy.  
Random aneuploidy resulting from abnormal meiosis would result in heterogeneous 
pollen in the hexaploid plants. To determine the degree of pollen homogeneity and 
heterogeneity, two methods were employed. First, the size of pollen grains in tetraploids and 
hexaploids was measured. Tatum et al. (2015) suggested that abnormal meiosis results in the 
formation of abnormal tetrads with vastly different chromosome numbers, which are responsible 
for producing micropollen. As defined by Tatum et al. (2015), micropollen is any pollen grain 
with a diameter that is less than ½ the diameter of a normal pollen grain. The link between 
abnormal meiosis and micropollen production has been shown in various studies as well (Pal & 
Khoshoo 1972; Khazanehdari & Jones 1997; Trucco et al. 2006). Trucco et al. (2006) showed 
that the amount of micropollen produced correlated negatively with pollen viability and overall 
plant fertility. Therefore, in the current study, abnormal meiosis observed in the hexaploid is 
hypothesized to result in the formation of micropollen, potentially decreasing the viability of 
pollen.  
The second way to measure the potential effect of abnormal meiosis I on pollen 
chromosome numbers is to use flow cytometry to study variation in the DNA content of pollen 
nuclei. Measurement of DNA content variation has been applied in environmental toxicology 
studies with reliable results (McBee & Bickham 1988; Lamb et al. 1991; Bickham et al. 1992; 
Custer et al. 1994; Biradar & Rayburn 1995; Easton et al. 1997). The concept behind this type of 
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analysis is that exposure to toxins in the environment can result in chromosomal breakages, 
which causes there to be variation in DNA content between daughter cells after cell division 
(Otto & Oldiges 1980; McBee & Bickham 1988; Lamb et al. 1991; Biradar & Rayburn 1995; 
Easton et al. 1997). Cells that demonstrate increased variation in DNA content are considered 
heterogeneous, in comparison to homogeneous cells, which have consistent DNA content. The 
breadth of the distribution of DNA content can be measured numerically using the coefficient of 
variation (CV), and a higher value for the CV corresponds to higher numbers of heterogeneous 
cells (Otto & Oldiges 1980; McBee & Bickham 1988; Lamb et al. 1991; Bickham et al. 1992; 
Biradar & Rayburn 1995; Easton et al. 1997). Heterogeneous cells may not only arise from 
breakages in chromosomes, but they may also be a result of inconsistencies in chromosome 
number between cells, which may be reflective of varying degrees of aneuploidy. Increases in 
cell heterogeneity have been linked to the presence of aneuploid cells in previous studies 
(McFadden et al. 1990; Lamb et al. 1991; Dallas et al. 1998). In particular, Dallas et al. (1998) 
suggested that the variation in DNA content between putative aneuploid cells is so slight that it is 
difficult for a flow cytometer to resolve the cell population into separate peaks. Therefore, the 
cell population appears as a single distribution with an elevated CV.  
This concept can be applied to pollen nuclei.  Flow cytometry has been used in many 
studies to calculate the DNA content of pollen nuclei (Van Tuyl et al. 1989; Bino et al. 1990; 
Jacob et al. 2001; Pan et al. 2004; Okazaki et al. 2005; Van Laere et al. 2009; Kron et al. 2014). 
However, there are no previous studies that have sought to accurately measure the heterogeneity 
of DNA content in pollen nuclei, and therefore potential aneuploidy, using flow cytometry. In 
the current study, flow cytometry was used to evaluate potential heterogeneity and also to verify 
the DNA content in pollen nuclei in tetraploid and hexaploid cytotypes. Following from Chapter 
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2, it is hypothesized that hexaploid pollen nuclei will show a greater degree of heterogeneity in 
DNA content than tetraploid pollen nuclei. This type of analysis has been made simpler due to 
the development of a new method to isolate pollen nuclei, known as the filter burst method, 
which has introduced reliability and accuracy in flow cytometric analyses of pollen nuclei (Kron 
& Husband 2012).  
The number of chromosomes contained in pollen nuclei could have an effect on seed 
production. Production of viable seeds in large quantities is crucial to the economical cultivation 
of prairie cordgrass, as establishment from seed is considerably cheaper and less labor-intensive 
than establishment through rhizomes. Furthermore, production of seeds is necessary for efficient 
artificial selection of desired traits in the effort of developing improved prairie cordgrass 
varieties. Morphologically in prairie cordgrass, each inflorescent panicle is composed of 5 to 50 
pedunculate spikes, each containing between 10 and 80 spikelets with one floret each 
(Mobberley 1956). Several morphological characteristics influence the number of seeds that are 
produced by a given plant including the number of inflorescences per plant, the number of spikes 
per inflorescence, and the average size and number of spikelets per spike. However, the true 
determining factor in seed production is the number of spikelets that contain a full caryopsis, 
which is known as seed set (Boe et al. 2013). Seed set is consistently low overall in grass species 
(Cornelius 1950, Wheeler & Hill 1957), and the octoploid cytotype of prairie cordgrass has 
shown low seed set as well (Boe et al. 2013). This is problematic from a commercial standpoint. 
For comparison, the octoploid “Red River” cultivar of prairie cordgrass, which is the only 
cultivar commercially available now, produces viable seeds with an average seed yield of 34-84 
kg ha-1 (USDA-NRCS 2002) in contrast to the “Cave-in-Rock” cultivar of switchgrass, which 
has a seed yield of 112-280 kg ha-1 (USDA-NRCS 2011). Additionally, the issue of low seed 
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production may be compounded by the potential for further reduced seed set due to lower 
fertility in the hexaploid cytotype.  
Abnormal meiosis found in hexaploids may result in production of micropollen and/or 
variation of chromosome numbers in pollen nuclei, which may affect the number of 
chromosomes in seeds. Variation of chromosomes in seeds may influence seed viability (Henry 
et al. 2007; Rounsaville et al. 2011). Thus, abnormal meiosis and its potential effects on pollen 
and seeds could be a major determinant of fertility and therefore the potential of the hexaploid 
cytotype for commercial use. The goal of this study was to study the morphology and DNA 
content distribution of pollen nuclei in tetraploid and hexaploid accessions, and to compare this 
data with production and germination capacity of seeds. Such an analysis is valuable to the effort 
of evaluating the suitability of the hexaploid cytotype for commercial production, and this 
information may reveal variation between hexaploid accessions that may be exploited for the 
development of improved prairie cordgrass varieties.  
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3.3 Materials and Methods 
Tetraploid and hexaploid prairie cordgrass plants were sampled from the mixed natural 
population located in Champaign County, IL, and transplanted to a field plot at the University of 
Illinois at Urbana-Champaign in 2012. Plants were sampled in tetraploid and hexaploid pairs 
based upon proximity. The tetraploid accessions include 1034x, 1094x, and MBB4x, and the 
corresponding hexaploid accessions include 1036x, MID6x, and MBB6x. An additional 
tetraploid accession (99A) and hexaploid accession (99C) was also established in this plot, and 
both accessions were clonally propagated from single plants. The 99C hexaploid accession was 
derived from a seed that was produced from the parent accession of 99A (Kim et al. 2010), and 
therefore it is hypothesized that the parent of tetraploid 99A produced the hexaploids 99C. In 
total, four tetraploids and four hexaploids were established in the field plot. An unrelated 
octoploid accession (17-111) was also used in this study, and this accession was previously 
established in a separate field plot at the University of Illinois at Urbana-Champaign.  
 Pollen diameter measurements were obtained through microscopy. Inflorescences at the 
stigma stage were sampled from all tetraploid and hexaploid accessions and fixed in a 6:3:1 
mixture of ethanol, chloroform, and acetic acid for 24 hours at 4°C. The inflorescences were then 
transferred to 70% ethanol and stored at 4°C. Anthers containing mature pollen grains were 
chopped on a microscope slide with 1% propionic carmine and a cover slip was placed over the 
sample. Pollen grains were viewed under an Olympus BX61 microscope at 100X magnification. 
Images of pollen grains were captured using an Olympus U-CMAD3 camera, and diameters of 
pollen grains were measured by hand from the captured images. A total of n=100 measurements 
were obtained from each plant, and one plant was analyzed for each field replication.  
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 Pollen was collected from all accessions for flow cytometric analysis of DNA content 
distribution. Pollen was obtained from three plants of each accession. Pollen bags were secured 
over prairie cordgrass inflorescences once anthers had begun to visibly emerge from the distal 
spikes of the inflorescences. Pollen bags were removed after 1-2 days. The pollen was then 
transferred from the bags onto filter paper, which was folded into quarters and fitted inside 
individual centrifuge tubes, which were stored at 4°C. Centrifuge tube caps were loosely secured 
for 2-3 days to allow the pollen to dry, and afterwards the caps were tightened fully. For flow 
cytometric analysis, 6mg of pollen was measured in a 1.5mL microcentrifuge tube and 
suspended in 1mL of LB01 extraction buffer (Doležel et al. 1989). The solution was poured 
through a 150μm filter (Partec, Münster, Germany) stacked on top of a 10μm filter (Partec, 
Münster, Germany), into a test tube. In a petri dish, approximately a ½ centimeter length of corn 
stem (21 days old) was chopped finely in 1mL of ice-cold LB01 extraction buffer containing 
100μg mL-1 PI and 50μg mL-1 RNase. The handle of a small spatula was used to rub the pollen 
grains against the 10μm filter to break the pollen membrane and release the nuclei, and nuclei 
were rinsed through the filter with 0.25mL of the buffer containing corn nuclei. This step was 
repeated once. The corn nuclei were mixed with the pollen nuclei to serve as an internal standard 
for genome size verification. Samples were stained for approximately 1 hour at 4°C, and then run 
through the flow cytometer on low setting for 2-5 minutes. The pollen nuclei peak was set at 
channel 150 for accurate comparison of CV between samples, as peak resolution changes 
depending on the channel number. The Coefficient of Variation (CV), which is the standard 
deviation of a peak divided by the mean of the peak multiplied by 100, was measured for all 
pollen nuclei peaks in the flow cytometry histograms. Measurements were obtained for the 
tetraploid accessions 1034x, 1094x, 99A, and MBB4x, hexaploid accessions 1036x and MID6x, 
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and the octoploid accession 17-111. Pollen could not be obtained from hexaploid accessions 
MBB6x and 99C.  
Seed set was measured in all tetraploid and hexaploid accessions. A total of ten plants 
were analyzed for each accession with the exception of 99C, for which a total of nine plants were 
analyzed. One inflorescence was collected from each plant, and a random sample of 20 spikelets 
(n=20) was evaluated in each inflorescence. The number of spikelets containing a caryopsis was 
recorded. 
 Seed germination was also measured for all tetraploid and hexaploid accessions. Three 
random samples of 25 caryopses (n=75) were obtained from each accession and sterilized in 6% 
bleach and 0.05% Tween 20. The caryopses were washed with deionized water three times and 
filtered to collect the caryopses. Each set of 25 caryopses was spread in a petri dish containing 
germination paper. The number of germinated caryopses was recorded every two days during a 
20-day period.  
Experimental design and statistical analyses: Accessions were arranged in a completely 
randomized design (CRD) with three replications. Pollen diameter, seed set, and seed 
germination variables were analyzed among accessions using the GLM procedure in SAS 9.4 
(SAS Institute Inc., Cary, NC). When appropriate, accession lsmean values were separated using 
the Tukey-Kramer method setting the probability of Type I error or alpha level (α) at 0.05. The 
same variables of pollen diameter, seed set and seed germination were compared between ploidy 
levels of these accessions (tetraploid versus hexaploid) by using PROC TTEST in SAS. The CV 
of the DNA content of three ploidy levels (tetraploid, hexaploid, and octoploid) was compared 
using the GLM procedure and the means were separated using the Tukey-Kramer method as 
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previously described. The correlation among variables was explored using the PROC CORR 
procedure in SAS. 
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3.4 Results 
Upon analysis of pollen grains, the presence of micropollen was not observed in any 
tetraploid or hexaploid accession. Figure 3.1 shows representative images of hexaploid and 
tetraploid pollen grains, illustrating the absence of micropollen. Average pollen diameter is 
significantly higher in the hexaploids (35.9μm) than in the tetraploids (31.3μm) at the ploidy 
level. Significant differences in pollen diameter between hexaploids and tetraploids were also 
observed at the accession level (Table 3.1). Comparisons of average pollen diameter among 
accessions show that there is a significant difference between two hexaploid accessions, but no 
significant differences exist between tetraploid accessions (Table 3.1).  
Flow cytometric analysis of pollen nuclei shows differences in DNA content between 
ploidy levels. Tetraploid pollen nuclei averaged 0.82pg DNA/1C, hexaploid pollen nuclei 
averaged 1.15pg DNA/1C, and octoploid pollen nuclei averaged 1.58pg DNA/1C (Table 3.2). 
Flow cytometry also revealed differences in the coefficient of variation (CV) of pollen nuclei 
peaks. On average, hexaploid samples had a larger pollen nuclei CV than tetraploid and 
octoploid samples. The average CV for the hexaploid accessions was 8.00, the average CV for 
the tetraploid accessions was 5.77, and the average CV for the octoploid accessions was 4.83 
(Table 3.2). There was a significant difference between mean hexaploid and tetraploid CV’s, and 
also a significant difference between mean hexaploid and octoploid CV’s. However there was no 
significant difference between mean tetraploid and octoploid CV’s. Comparisons between the 
CV’s of individual tetraploid, hexaploid, and octoploid accessions showed largely the same 
results of ploidy-level differences. Representative histograms of tetraploid, hexaploid, and 
octoploid pollen nuclei are shown in Figure 3.2. 
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 Seed set data showed significant differences among individual accessions, but not 
between ploidy levels. Tetraploids had an average seed set of 45.4%, whereas hexaploids had an 
average seed set of 37.4% (Table 3.3). The tetraploid accession 99A and the hexaploid accession 
MID6x had the highest seed set of 58.3% and 54.4%, respectively. The hexaploid accession 
MBB6x had the lowest seed set at 20.0%. Seed set in 99A and MID6x differed significantly from 
seed set in MBB6x. The seed set of the remaining tetraploid and hexaploid accessions ranged 
from 30.4% to 43.9%.  
 Seed germination showed significant differences between ploidy levels and among 
individual accessions as well. Seed germination in the tetraploids on average was 58.7%, 
whereas average seed germination in the hexaploids was 27.7% (Table 3.3). Comparisons of 
seed germination between paired tetraploid and hexaploid accessions revealed significant 
reductions in two hexaploid accessions. 
Correlations were tested between pollen diameter, seed set, and seed germination. 
Pearson correlation coefficients indicated a significant negative correlation (-0.46) between 
pollen diameter and seed germination (Table 3.4). Additional correlation coefficients were not 
significant.  
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3.5 Discussion 
Pollen size analysis showed a significant difference in average pollen diameter between 
tetraploids and hexaploids at the ploidy level. Pollen size can be an indicator of the number of 
chromosomes present in pollen grains (Kapadia & Gould 1964; Stanley & Linskens 1974; Jones 
& Brown 1976; Altmann et al. 1994; Katsiotis & Forsberg 1995). For instance, tetraploid pollen 
is expected to have a smaller diameter than hexaploid pollen because tetraploid pollen nuclei 
contain fewer chromosomes than hexaploid pollen nuclei. This difference is shown between 
hexaploid and tetraploid ploidy levels. 
Micropollen was not observed in tetraploid or hexaploid accessions. The absence of 
micropollen in hexaploid accessions is unexpected because in Chapter 2 hexaploids showed 
abnormality during meiosis I. Abnormality during meiosis has been linked to the formation of 
micropollen (Pal & Khoshoo 1972; Khazanehdari & Jones 1997; Trucco et al. 2006; Tatum et al. 
2015). Analysis of Amaranthus spinosus × Amaranthus dubius hybrids revealed abnormality 
during meiosis I of microsporogenesis (Pal, 1972). A following study of the same Amaranthus 
hybrids demonstrated that micropollen containing only a few chromosomes was formed as a 
result of unequal chromosome segregation during the abnormal meiosis I (Pal & Khoshoo 1972). 
In a recent study, Tatum et al. (2015) observed abnormal tetrads containing five or more nuclei 
rather than the typical four nuclei in Amaranthus tuberculatus × Amaranthus hybridus hybrids. 
The production of micropollen was also documented in these Amaranthus hybrids (Tatum et al. 
2015). These results substantiate the theory that abnormal meiosis may lead to the abnormal 
tetrads, which may then develop into micropollen. Therefore in prairie cordgrass, the 
abnormality in chromosome pairing and segregation observed during meiosis I in hexaploids is 
hypothesized to result in the formation of micropollen in all hexaploid accessions. In contrast, 
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the normality observed in tetraploids is hypothesized to result in the absence of micropollen in 
all tetraploid accessions. There was an absence of micropollen in tetraploids, but there was also 
an absence of micropollen in the hexaploids. This suggests that extensive abnormality during 
meiosis I in hexaploids does not correspond to major discrepancies in chromosome number 
between pollen grains as hypothesized.  
Determining the presence of micropollen is useful in identifying great differences in 
chromosome number, but it may not be useful for determining variation due to aneuploidy by 
only a few chromosomes. Flow cytometry, however, can effectively and accurately show minute 
differences in DNA content that would result from such aneuploidy. For that reason, flow 
cytometry was employed to identify potential aneuploidy by a few chromosomes in pollen 
nuclei. The pollen nuclei CV’s in the hexaploid accessions were significantly larger than the 
CV’s in the tetraploid and octoploid accessions, which were not significantly different from one 
another. Therefore, tetraploid and octoploid accessions likely produce pollen nuclei with 
consistent chromosome numbers as shown by the low CV. Conversely, the hexaploid accessions 
may produce pollen nuclei with inconsistent chromosome numbers as shown by the higher CV. 
Although these results may imply the presence of heterogeneous pollen nuclei in the hexaploids, 
the degree of heterogeneity is not as substantial as expected given the prevalence of abnormal 
meiosis reported in Chapter 2. However, due to the fact that only hexaploids have an elevated 
CV in the analysis of pollen nuclei (Table 3.2), the small difference may be related to abnormal 
meiosis. Even so, the absence of micropollen combined with only a marginally broader 
distribution of DNA content in pollen nuclei in the hexaploids indicates that abnormal 
chromosome pairing and segregation in meiosis I of microspores does not greatly impact pollen 
DNA content and associated pollen viability as previously expected.  
	 38
Seed set reflects the observed lack of micropollen and low heterogeneity in hexaploid 
pollen, as most of the hexaploid accessions do not have a reduction in seed set in comparison to 
the tetraploid accessions. As a result, there is no significant difference in average seed set 
between tetraploids and hexaploids. Tetraploid and hexaploid accessions were sampled in pairs 
from the natural mixed population, and pairs are listed in the Materials and Methods section. 
There are no significant differences in seed set percentage between paired tetraploid and 
hexaploid accessions. Therefore, it is doubtful that the number of chromosomes allocated to 
pollen grains in each accession is responsible for the observed variation in seed set of tetraploid 
and hexaploid accessions. Instead, it is possible that differences in seed set may be a reflection of 
genetic variation between accessions (Boe et al. 2013). In any case, variation in seed set between 
accessions is not as greatly impacted by abnormal meiosis I or potential heterogeneity in pollen 
grains as hypothesized. 
Trends in seed germination, however, may correspond to unequal chromosome 
segregation during meiosis I and possible pollen heterogeneity in hexaploid accessions. 
Comparisons of seed germination between tetraploid accessions and their corresponding 
hexaploid accessions show two instances in which the hexaploids have a significant reduction in 
seed germination. Furthermore, the significant negative correlation between pollen diameter and 
seed germination (Table 3.4) reinforces the significant difference in seed germination between 
ploidy levels, as hexaploids have significantly greater pollen diameter than tetraploids (Table 
3.1). The difference in seed germination between ploidy levels implies that abnormality during 
meiosis I and potential pollen heterogeneity in hexaploid accessions may result in aneuploid 
seeds. This potential aneuploidy in seeds may be responsible for the observed differences in 
germination between tetraploid and hexaploid accessions, as chromosome number in seeds may 
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affect seed viability (Palmer 1974). There is also significant variation in seed germination 
between tetraploid accessions, which may be a result of seed dormancy. Evidence shows that 
seed dormancy is variable between different accessions and even individuals of the same species 
(Andersson & Milberg 1998; Meyer et al. 1995). Though seed dormancy likely has an effect on 
hexaploid germination as well, the differences between corresponding tetraploid and hexaploid 
accessions are more likely an effect of potential aneuploidy in hexaploid seeds rather than seed 
dormancy. Therefore, abnormality during meiosis I and potential pollen heterogeneity in 
hexaploid accessions may be responsible for reduced seed germination.  
In conclusion, the level of abnormal chromosome segregation during meiosis I in the 
hexaploid was hypothesized to result in the formation of micropollen, broad distributions of 
pollen DNA content, low seed set, and low seed germination. However, there was no 
micropollen observed in the hexaploids. Furthermore, even though flow cytometry showed a 
somewhat broader distribution of pollen DNA content in hexaploids than in tetraploids, it was 
not as broad as expected. Similarly, the difference in seed set between hexaploids and tetraploids 
was not as sizable as expected, and is likely affected only to a minor degree by unequal 
segregation of chromosomes or potential heterogeneity in pollen grains. Hexaploid accessions 
did show a significant reduction in seed germination, which may be a result of aneuploidy caused 
by increased pollen heterogeneity. However, the reduction in seed germination is not as 
substantial as expected given the extensive abnormality during meiosis I. These findings suggest 
that highly abnormal chromosome pairing and segregation during meiosis I in the hexaploids 
does affect pollen DNA content, seed set, or seed germination, yet the magnitude of these effects 
is lower than hypothesized. 
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This is an unexpected conclusion because chromosome segregation of multivalent 
chromosome associations during meiosis I in the hexaploids is assumed to be random (Loidl 
1995), producing gametes with vastly unequal chromosome numbers. Therefore, the minimal 
effect of abnormal meiosis I on pollen morphology, pollen DNA content variation, seed set, and 
seed germination can be explained in one of two ways. One explanation is that there is a genetic 
mechanism in the hexaploid accessions that controls chromosome segregation during meiosis II, 
counteracting the abnormality observed during meiosis I. Alternatively, if there is no such 
genetic mechanism, there may be selection against severely heterogeneous gametes after meiosis 
II (Mastenbroek et al. 1982). Mastenbroek et al. (1982) also suggested that there is stronger 
selection against aneuploid gametes during megasporogenesis. Therefore, it is possible that there 
is even less DNA content variation in hexaploid megaspores than in microspores. This 
occurrence would explain why seed set is not greatly affected by abnormal meiosis, as abnormal 
megaspores would be selected against. As a result, there are generally no observed significant 
differences in seed set between hexaploids and tetraploids at the accession level. However, 
weaker selection against potentially aneuploid microspores could still result in heterogeneous 
pollen. This pollen may fertilize seeds, causing variation in seed chromosome numbers, which 
may result in an observed reduction in seed germination between tetraploids and hexaploids. In 
order to learn why abnormal meiosis has such a minimal effect on pollen morphology and DNA 
content, it is necessary to examine chromosome behavior during meiosis II of microsporogenesis 
and megasporogenesis.  
The results of this study indicate that seed set is not affected greatly by abnormality in 
meiosis I or potential heterogeneity in pollen grains. This information is encouraging for the 
future of the hexaploid cytotype as a bioenergy and conservation crop because its greatest 
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drawback is low seed set. Therefore, seed set may be improved through selection, as it is clear 
that there is variation in seed set between hexaploid accessions. In particular, MID6x could be 
used in the selection process as it demonstrates the highest seed set percentage. There has been 
success in the past improving seed set in polyploids such as tetraploid maize, where the seed set 
increased by nearly 30% over the course of 22 generations simply through selection of yield 
(Mastenbroek et al. 1982). Additionally, pollen and seed fertility have been shown to increase 
naturally in neopolyploids over time (Ramsey 2002). This information implies that the hexaploid 
cytotype may be suitable for commercial production in the near future if improvement of seed set 
is prioritized in future breeding programs of prairie cordgrass. 
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3.6 Tables and Figures 
Table 3.1: Mean pollen diameter in tetraploid and hexaploid accessions. 
Accession Ploidy Diameter (μm)1 
MID6x 6x 39.3A 
MBB6x 6x 35.3AB 
1036x 6x 34.6B 
99C 6x 34.0BC 
99A 4x 32.9BC 
MBB4x 4x 31.1BC 
1034x 4x 30.6BC 
1094x 4x 30.1C 
Hexaploids 6x 35.9A 
Tetraploids 4x 31.3B 
1Significant differences between accessions (ANOVA, Tukey-Kramer, P<0.05) and ploidy levels 
(T-Test, P<0.05) were tested. Different letters indicate significant differences. 
 
Figure 3.1: Images of tetraploid (A) and hexaploid (B) pollen grains used for measurement of 
pollen diameter. Bar indicates 50μm. 
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Table 3.2: Coefficient of variation (CV) and DNA content of pollen nuclei of tetraploid, 
hexaploid, and octoploid accessions obtained from flow cytometry analysis. 
Accession Ploidy 
DNA Content 
(pg DNA/2C) CV1 
1036x 6x 1.18 ± 0.07 8.30 ± 0.40A 
MID6x 6x 1.13 ± 0.04 7.70 ± 0.00AB 
99A 4x 0.81 ± 0.02 6.35 ± 1.08BC 
MBB4x 4x 0.83 ± 0.05 5.78 ± 0.46C 
1034x 4x 0.80 ± 0.04 5.52 ± 0.43C 
1094x 4x 0.83 ± 0.02 5.42 ± 0.68C 
17-111 8x 1.58 ± 0.02 4.83 ± 0.32C 
Hexaploids 6x 1.15 ± 0.06 8.00 ± 0.41A 
Tetraploids 4x 0.82 ± 0.03 5.77 ± 0.72B 
Octoploids 8x 1.58 ± 0.02 4.83 ± 0.32B 
1Significant differences between accessions and ploidy levels (ANOVA, Tukey-Kramer, P<0.05) 
were tested. Different letters indicate significant differences. 
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Figure 3.2: Representative flow cytometric histograms of tetraploid (A), hexaploid (B), and 
octoploid (C) pollen nuclei mixed with corn nuclei. 
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Table 3.3: Percent seed set and germination are tested between accessions and ploidy levels.  
Accession Ploidy Seed Set (%)1 Germination (%)2 
99A 4x 58.3A 86.7A 
1094x 4x 39.4AB 62.7AB 
MBB4x 4x 43.8AB 48.0BC 
1034x 4x 43.9AB 37.3CD 
MID6x 6x 54.4A 32.0CD 
MBB6x 6x 20.0B 32.0CD 
99C 6x 30.4AB 25.3CD 
1036x 6x 42.5AB 21.3D 
Tetraploids 4x 45.4A 58.7A 
Hexaploids 6x 37.4A 27.7B 
1Significant differences between accessions (ANOVA, Tukey-Kramer, P<0.05) and ploidy levels 
(T-Test, P<0.05) were tested. Different letters indicate significant differences.  
2Significant differences between accessions (ANOVA, Tukey-Kramer, P<0.05) and ploidy levels 
(T-Test, P<0.05) were tested. Different letters indicate significant differences.  
 
Table 3.4: Correlation coefficients between pollen diameter, seed set, and seed germination 
Pollen Diameter Seed Set  Seed Germination 
Pollen Diameter 1 
Seed Set 0.18 1 
Seed Germination -0.46* 0.31 1 
* Significant at P<0.05 
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CHAPTER 4 
CONCLUSION 
Chromosome pairing and segregation during meiosis I was examined in tetraploid, 
hexaploid, and octoploid cytotypes of prairie cordgrass in an effort to identify potential effects of 
polyploidy on reduced seed set. Normal chromosome pairing and segregation during meiosis I 
was documented in tetraploid and octoploid prairie cordgrass cytotypes. Conversely, abnormal 
chromosome pairing and segregation during meiosis I was found in hexaploid prairie cordgrass. 
Chromosome pairing patterns provided insight regarding the genome composition of all three 
prairie cordgrass cytotypes. Pollen morphology, pollen DNA content, seed set, and seed 
germination were then examined to determine the potential effects of abnormal meiosis I on 
fertility of the hexaploid cytotype. Analysis of pollen morphology and DNA content showed that 
abnormality during meiosis I did not correspond to vast inconsistencies in chromosome number 
between pollen grains and pollen nuclei. As a result, reductions in seed set and seed germination 
in the hexaploid were not as substantial as predicted. Therefore, seed set in hexaploid prairie 
cordgrass may be readily improved through selection. Significant variation in seed set capacity 
was observed between hexaploid cytotypes, indicating the existing potential for increasing seed 
set. Improvement of seed set in the hexaploid will augment its suitability for commercial 
production. 
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